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This  paper  has  considered  the  selection  of  the  optimal  processing  parameter  (sintering  temperature)
leading  to best  possible  properties  of  K0.5Na0.5NbO3 (KNN)  for electromechanical  applications.  Vital  piezo-
electric  properties  for  such  applications  include  the piezoelectric  coupling  coefﬁcient  (kp),  piezoelectric
coefﬁcient  (d31),  Curie  temperature  (Tc), remanent  polarization  (Pr), coercive  ﬁeld (Ec),  density  (),  elastic
compliance  (SE11 and  S
E
12) and  dielectric  loss (tan  ı).  The  weights  and  priority  of these  physical  properties
for  KNN  are  calculated  using  the  modiﬁed  digital  logic (MDL)  method.  The  priority  order  of  these  prop-
erties  used  for the  selection  of optimal  processing  parameters  is  as  d31 >  tan  ı >  SE11 =  SE12 >  Tc =  Pr >
 > kp > Ec . The  weights  obtained  using  MDL  are  further  incorporated  with  analytic  hierarchy  processelection
anking
ecision making
ensitivity analysis
(AHP)  and  VlseKriterijumska  Optimisacija  I Kompromisno  Resenje  (VIKOR)  in  order to  determine  the opti-
mal  sintering  temperature  for  KNN.  Both  methods  suggest  that  1080 ◦C and  1120 ◦C  are  the most  and  least
desirable  sintering  temperatures,  respectively.  Finally,  sensitivity  analysis  is  performed  for  the robustness
of our  results  and  prediction  of  most  inﬂuential  parameter  in  terms  of  sensitivity.  tan  ı is found  to be  the
most  sensitive  property  for alteration  in the  present  ranking.
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r. Introduction
The increasing demands for electronic goods and technological
pplications have attracted the attention of researchers worldwide
oward “functional electronic materials”. Ferroelectric materials
elong to the most renowned families of the functional materials
nd are extensively studied [1–3]. These intriguing materials are
idely used in sensors, actuators, energy harvesting devices and
any other applications. A signiﬁcant number of materials have
een reported in this area [1–3] which can be further sub-divided
nto two categories of ‘lead-based’ and ‘lead-free’ piezoelectric
eramics, primarily due to recent EU legislation restricting the use
f lead as a material [4]. The most popular systems are the lead zir-
onate titanate (PZT) family in the lead-based [1] and (K, Na)NbO3
KNN) family among the lead-free piezoelectric ceramics [5]. These∗ Corresponding author. Tel.: +91 1905 237921; fax: +91 1905 237945.
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ystems are popular due to their exceptionally good piezoelectric
roperties compared to other reported materials [6–8]. PZT-based
eramics are experiencing increasing constraints of its usage due
o its negative impact on the environment [9]. On the other
and, KNN ceramic has some critical issues in terms of processing
haracteristics such as the inherent volatility of alkali-oxides, com-
ositional inhomogeneity, poor densiﬁcation and phase stability
10]. In this context, KNN-based ceramics are fabricated under a
ide range of processing conditions and procedures. A number of
omprehensive articles have been reported on the synthesis and
abrication of KNN ceramics using speciﬁc methods [5,11–35]. It is
ell documented that the physical properties are largely depend
pon the processing methods [35]. Fabrication methods for the
roduction of KNN ceramics include the conventional solid-state
oute [17,19,27], sol–gel method [15,28], hydrothermal method
20,21,30] and the microwave-hydrothermal method [33]. KNN
eramics of various compositions are sintered using conventional
ethods [5,13,17,18,24,32,34], hot pressing (HP) and spark plasma
intering (SPS) [11,26,31] under different temperatures and atmo-
pheres. As a result, considerable changes in properties of KNN have
een reported within a narrow sintering range [32].
It should be noted that it is difﬁcult to achieve all the desirable
roperties in a material at the same time. In many cases an improve-
ent in a speciﬁc physical property by altering the processing
arameters is at the expense of another property so that a com-
lex balance must be sought. This indicates that one has to choose
ptimum processing parameters under consideration of distinct
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hysical properties. The selection of an optimal processing param-
ter from the pool of alternatives on the basis of two or more
ttributes/properties is termed as multiple attribute decision mak-
ng (MADM) problem [36]. This approach has been successfully
pplied to various ﬁelds such as manufacturing processes, social
cience decisions, ﬁnancial decisions and engineering problems.
e have also found that these methods are also efﬁcient in mate-
ials selection [37–47]. A variety of methods are reported under
ADM category. These methods include analytic hierarchy pro-
ess (AHP) [48], simple additive weighting (SAW), graph theory and
atrix approach (GTMA) [49], VlseKriterijumska Optimisacija I Kom-
romisno Resenje (VIKOR) [50], and technique for order preference by
imilarity to ideal solution (TOPSIS) [51]. AHP is one of the outstand-
ng MADM approaches which have been used in a wide diversity of
esearch areas [48,52–54]. In the primitive form of AHP, an expert’s
omparisons are essential. However, in the case of materials, one
an assess materials performance based on their physical prop-
rties without expert opinion. In this article, we  have examined
he selection of the optimum processing temperature (for sinter-
ng of KNN ceramics) using AHP technique for electromechanical
pplications. It is to be noted that physical properties as a function
f sintering temperature were taken from the literature and the
bjective of the current work is to show the potential usefulness of
he proposed method for experimental design.
. Materials and methods
As discussed above, physical properties are important in decid-
ng the overall performance of piezoelectric and ferroelectric
evices. Similar compositions of KNN family with different prop-
rties are summarized in the literature by using various processing
arameters. The identiﬁcation of a particular processing param-
ter for optimal piezoelectric properties makes a material viable
or speciﬁc technological applications. These properties can be
urther sub-divided into two categories namely ‘primary’ and ‘sec-
ndary’. Primary factors include the physical properties of the
aterial while secondary deals with cost, durability, toxicity, avail-
bility, ease and time of fabrication, environmental conditions,
tc. Here we are much mainly concerned about the selection of
he optimal sintering temperature of KNN for electromechanical
pplications. The essential physical properties for this application
nclude the piezoelectric coupling coefﬁcient (kp), piezoelectric
oefﬁcient (d31), Curie temperature (Tc), remanent polarization
Pr), coercive ﬁeld (Ec) density (), elastic compliance (SE11 and S
E
12)
nd dielectric loss. All aforementioned properties of KNN were
tudied by López et al. for different sintering temperatures [55].
arious physical properties of KNN ceramics sintered at different
emperatures are summarized in Table 1 [55]. These properties are
omparable to prior reported studies under almost similar condi-
ions [5,11–35]. Now, it is a tedious task to choose optimal sintering
emperature from the literature (Table 1) as there are conﬂicts
able 1
roperties of KNN ceramics at different sintering temperatures.
Parameter Sintering temperature (◦C)
1060 1080 1100 1120
kp 0.33 0.36 0.23 0.20
(−d31) (pC/N) 29.60 30.00 20.90 19.10
tan  ı (%) (100 kHz) 1.90 1.60 2.70 2.00
Tc (◦C) 418.00 419.00 423.00 423.00
2Pr (C/cm2) 23.20 29.00 30.57 51.00
2Ec (kV/cm) 19.10 16.50 17.23 18.10
SE11 (10
-2 m2 N-1) 11.08 9.13 9.95 12.04
−SE12 (10-2 m2 N-1) 2.80 2.17 3.01 3.06
  (gm/cm3) 4.27 4.33 4.28 4.17
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etween the physical properties for different sintering temper-
tures. In this context, ﬁrst of all it is important to predict the
ierarchy of materials properties. This can be conveniently and efﬁ-
iently done using modiﬁed digital logic (MDL) [56]. Next step is to
ank the attributes on the bases of selection criteria. VIKOR and AHP
oth the methods are capable enough to resolve this issue. How-
ver, it is for the ﬁrst time that exact values of material properties
re used to determine AHP ranks. Thus it becomes vital to check
he robustness of this approach using sensitivity analysis.
.1. Modiﬁed digital logic (MDL)
It is expected that the properties listed in Table 1 have a differ-
nt impact on the performance of speciﬁc devices and applications
nd hence cannot be assigned equal weights for any application.
hus, it is important to ﬁnd out the priority of each property. MDL
s one of the well-known techniques to determine the weights for
he properties [56]; it includes an expert opinion to assign initial
riorities as 1, 2 and 3 for less, equally and more important prop-
rties, respectively. Based on the expert opinion a decision matrix
s then formed under a pair-wise comparison. Prior to formation of
he MDL  table, it is necessary to estimate the number of possible
ositive decisions as N = n(n − 1)/n, where n is the number of mate-
ial properties. Further summation of all positive decisions (P) for a
articular property on normalization leads to ﬁnal weight (W) as:
j =
Pj
∑n
j=1Pj
(1)
.2. Analytic hierarchy process (AHP)
AHP is a multiple attribute decision making technique devel-
ped by Saaty [48]. It is one of the most prominently used
echniques for complex decision making. Initially, a problem is
ketched using a hierarchy tree which describes the decision mak-
ng strategy, i.e. objective, criteria and alternatives for a particular
roblem. The next step is collection, inter-comparison and scaling
f data as per the pre-deﬁned problem. In order to compare dis-
inct attributes, pair-wise comparative numeric priority values are
ssigned to the attributes with respect to a particular alternative on
 scale of 1–9. Thereafter, principal eigenvalue (max) and priority
ectors are calculated for each comparison matrix. Principal eigen-
alue is the highest eigenvalue of the matrix and equal to the order
f the matrix. A priority vector gives the weighted factors for par-
icular attribute and is the normalized eigenvector of the matrix.
ince, the comparisons and scaling is based on expert opinion, some
nconsistency may  occur in the system. The consistency of system
an be checked by the consistency ratio (CR):
R = CI
RI
(2)
here CI is the consistency index which can be written as:
I = max − m
m − 1 (3)
he random consistency index (R.I.) is the pre-deﬁned value [52].
atisfactory consistency is signiﬁed by a CR which should be less
han 0.10 for all the judgments. Based on the above calculations
or all variables, results can be compiled to achieve the priority
rder for all the alternatives. It is to be noted that the results of this
ethod completely rely on expert opinion.
In the case of materials, we have exact values of various fac-
ors, parameters and properties. Here instead of expert opinion we
ave used the exact ratio of numerical values for the properties.
he judgment is a relative value, i.e. ratio of the properties for a
G. Vats, R. Vaish / Journal of Asian Ce
Table  2
Schematic for alternatives and their three properties.
Alternative 1 Alternative 2 Alternative 3 Alternative 4
g
p
t
t
H
1
o
2
I
p
a
w
S
m
s
o
s
c
t
h
c
(
o
o
r
i
r
p
ı
D
p
t
D
T
r
s
F
ı
T
C
ı
F
t
T
n
2
(
T
a
e
i
r
3
t
b
t
v
a
a
c
c
(
t
m
e
t
f
k
r
a
k
t
w
s
o
pProperty 1 X11 X12 X13 X14
Property 2 X21 X22 X23 X24
Property 3 X31 X32 X33 X34
iven pair of alternatives. Table 2 shows four materials processing
arameters (alternatives) and three properties (attributes). Xij is
he numerical value associated with ith property and jth parame-
er (alternative). Table 3 is the comparison matrix for property 1.
ere, four alternatives are compared with each other for property
. The consistency obtained by this method is 100% as it is based
n exact relative material’s data.
.3. Sensitivity analysis
It is essential to investigate the robustness of the ﬁnal ranking.
n this context, a sensitivity analysis is performed [57]. The ﬁnal
riorities of the alternatives are highly dependent on the weights
ssociated with the main criteria. Small changes in the relative
eights can therefore cause major changes in the ﬁnal ranking.
ince these weights are usually based on highly subjective judg-
ents, the stability of the ranking has to be examined. Such a
ensitivity analysis provides important information on the stability
f the ranking. If the ranking does not change, the results are con-
idered robust. Hence, it is important to ﬁnd out the most critical
riterion, which can easily alter the ﬁnal ranking of the processing
emperatures. The critical criterion is the criterion which has the
ighest weight or the one in which the smallest change (in weights)
an alter the existing ranking of the processing temperatures.
In order to perform the sensitivity analysis for a AHP problem, M
A1, A2,· · ·,  AM) alternatives are arranged in their decreasing order
f ranking. Let Pi be the overall priority vector (column 11, Table 6)
f the ith alternative and N (C1, C2,· · ·,  CN) be the number of crite-
ia. The minimum change in the current weight Wk of criterion Ck
s denoted as ık,i,j (1 ≤ i ≤ j ≤ M and 1 ≤ k ≤ N) such that the
anking of the alternatives Ai and Aj will be interchanged [57]. The
ercent change in weight (ı′
k,i,j
) can be deﬁned as:
′
k,i,j = ık,i,j ×
100
Wk
, 1 ≤ i ≤ j ≤ M and 1 ≤ k ≤ N (4)
′
k
is the criticality degree of the criterion (Ck). It is the smallest
ercent change by which the current value of Wk must change so
hat the existing ranking of alternatives can be altered.
′
k = min{|ı′h,i,j|}, for any N≥k≥1 (5)
he sensitivity coefﬁcient of criterion (Ck) is sens (Ck) which is the
eciprocal of the criticality degree as:
ens Ck =
1
D′
k
, for any N≥k≥1 (6)or AHP, ı′
k,i,j
can be estimated as
′
k,i,j <
Pj − Pi
ajk − aik
× 100
Wk
, if (ajk > aik) or; (7)
able 3
omparison matrix of alternatives for a property 1 (from Table 2).
Alternative 1 Alternative 2 Alternative 3 Alternative 4
Alternative 1 1 X11/X12 X11/X13 X11/X14
Alternative 2 X12/X11 1 X12/X13 X12/X14
Alternative 3 X13/X11 X13/X12 1 X13/X14
Alternative 4 X14/X11 X14/X12 X14/X13 1
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′
k,i,j >
Pj − Pi
ajk − aik
× 100
Wk
, if (ajk > aik) (8)
urthermore, the following condition should also be satisﬁed for
he value of ı′
k,i,j
to be feasible:
Pj − Pi
ajk − aik
≤ Wk (9)
he criterion Ck is the robustness criterion if all associated ı′k,i,j are
ot feasible, i.e.:
Pj − Pi
ajk − aik
≥Wk (10)
.4. VIKOR approach
The VlseKriterijumska Optimizacija I Kompromisno Resenje
VIKOR) method is a compromise approach MADM model [50].
he analysis of VIKOR provide close to a real solution [58]. The
pproach makes the use of utility weight, thus enabling differ-
nt users to apply expert opinion. The normalization norms used
n VIKOR are linear. In the present study, we  have compared the
anking obtained from AHP with the ranking made by VIKOR.
. Results and discussions
The present study focuses on selection of optimal processing
emperature of KNN under the constraints of the best possible com-
ination of speciﬁc physical properties. The schematic hierarchy of
he present work is illustrated in Fig. 1. This decision tree presents
arious alternatives (level 2) and their selection criteria (level 3) to
chieve our goal (level 1). The problem is solved using a bottom-up
pproach. First of all data for the important material properties is
ollected. These properties encompass the piezoelectric coupling
oefﬁcient (kp), piezoelectric coefﬁcient (d31), Curie temperature
Tc), remanent polarization (Pr), coercive ﬁeld (Ec), density (), elas-
ic compliance (SE11 and S
E
12) and dielectric loss (tan ı). All the above
entioned properties have their own  importance for various piezo-
lectric applications. The piezoelectric coupling coefﬁcient (kp) is
he conversion efﬁciency of the material; which is an important
eature of transducer materials and is given as [59]:
2
p =
Stored Mechanical Energy
Input Electrical Energy
(11)
The piezoelectric coefﬁcient (d31) shows an ability of the mate-
ial to produce a high charge per unit applied mechanical force or
 large strain per unit applied electric ﬁeld, which is solemnly a
ey parameter in deciding material for electromechanical applica-
ions. The third important parameter is the Curie temperature (Tc)
hich deﬁnes the temperature domain for which a device can be
afely and efﬁciently operated; for example the typical maximum
perating temperature is often approximately half the Curie tem-
erature [60]. The remanent polarization (Pr) and coercive ﬁeld (Ec)
re important electromechanical parameters of ferroelectric mate-
ials. Another important property is the ﬁnal sintered density since
he higher the density the lower the porosity in the material. The
lastic compliance (SE11 and S
E
12) are also helpful in prediction of
esonance frequency, blocking force and a measure of strain pro-
uced per unit stress in piezoelectric materials. Last but not the
east tan ı shows inherent dissipation of stored electrical energy.
hese all are highly signiﬁcant ﬁgures of merit in case of trans-
ucers and actuator applications. In order to estimate the priority
nd weights of materials properties for electromechanical applica-
ions, we  have employed MDL. The MDL  decision matrix, where 1, 2
nd 3 numbers are assigned by the expert for each property under
8 G. Vats, R. Vaish / Journal of Asian Ceramic Societies 2 (2014) 5–10
Fig. 1. Schematic hierarchy for selection of sintering temperature.
Table 4
Pair-wise comparison matrix for assigning weights (using MDL).
kp d31 tan ı Tc 2Pr 2Ec SE11 S
E
12 
kp 2 1 1 1 1 3 1 1 1
d31 3 2 3 3 3 3 3 3 3
tan ı 3 1 2 3 3 3 2 2 3
Tc 3 1 1 2 2 3 2 2 3
2Pr 3 1 1 2 2 3 2 2 3
2Ec 1 1 1 1 1 2 1 1 1
SE11 3 1 2 2 2 3 2 2 3
SE12 3 1 2 2 2 3 2 2 3
p
i
p
c
e
t
a
Table 5
Comparison matrix of different temperatures with respect to tan ı.
Temperature (◦C) 1060 1080 1100 1120 Priority vector
1060 1 1.6/1.9 2.7/1.9 2/1.9 0.260
1080 1.9/1.6 1 2.7/1.6 2/1.6 0.310
t
a
w
i
a
E
s
respect to tan ı. Since a lower value of tan ı is desirable, the com-  3 1 1 1 1 3 1 1 2
air-wise comparison, for the properties under study is detailed
n Table 4. Fig. 2 graphically augments the relative weights of all
roperties under consideration. It is found that the piezoelectric
onstant d31 is on the top priority followed by tan ı. SE11 and S
E
12 arequally important and holds third rank. Similarly, Curie tempera-
ure Tc and remnant polarization Pr are found equally important
nd are ranked fourth in the sequence.
p
p
l
Fig. 2. Weights assigned by the exp1100 1.9/2.7 1.6/2.7 1 2/2.7 0.183
1120 1.9/2 2/1.6 2.7/2 1 0.247
The next step is to designate the best alternative (level 2)
o satisfy our goal (level 1). The priority vectors for all the
lternatives (sintering temperatures 1060, 1080, 1100 and 1120 ◦C)
ith respect to all the properties are calculated as discussed above
n Section 2.2 using the exact ratio of physical properties. It is desir-
ble to have higher values of kp, d31, Tc,  and lower values of Pr,
c, SE11 and S
E
12 and tan ı for electromechanical applications. Table 5
hows a comparison matrix for the processing temperature witharison matrix is ﬁlled in such a way  that a descending order of
riorities is as 1080 ◦C > 1060 ◦C > 1120 ◦C > 1100 ◦C. Similar calcu-
ations are performed for all other properties (which are not shown
erts (calculations using MDL).
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Table  6
Priority vectors for all the temperatures with respect to all the properties.
Sintering
temperature (◦C)
kp −d31
(pC/N)
tan ı (%)
(100 kHz)
Tc (◦C) 2Pr
(C/cm2)
2Ec
(kV/cm)
SE11
(10-2 m2 N-1)
SE12
(10-2 m2 N-1)
 (gm/cm3) Overall
priority Pi
AHP
rank
VIKOR
rank
Priority vectors Wk
(using MDL)
0.069 0.167 0.139 0.118 0.118 0.056 0.125 0.125 0.083
(A1) 1080 0.322 0.301 0.309 0.249 0.265 0.267 0.286 0.312 0.254 0.287 1 1
(A2) 1060 0.295 0.297 0.260 0.248 0.332 0.231 0.235 0.241 0.250 0.268 2 2
(A3) 1100 0.205 0.210 0.183 0.251 0.251 0.256 0.262 0.225 0.251 0.230 3 3
(A4) 1120 0.179 0.192 0.247 0.251 0.151 0.244 0.217 0.221 0.245 0.214 4 4
Table 7
Calculated ık,j,i values.
Alternative
temperature pair (◦C)
Property
kp −d31 (pC/N) tan ı (%) (100 kHz) Tc (◦C) 2Pr (C/cm2) 2Ec (kV/cm) SE11 (10-2 m2 N-1) SE12 0-2 m2 N-1)  (gm/cm3)
1060–1080 0.70 4.61 0.38 30.03 −0.28 0.53 0.38 0.27 5.31
1060–1100 0.42  0.43 0.49 −12.35 0.47 −1.52 −1.42 2.35 −61.15
1060–1120  0.46 0.50 4.20 −17.26 0.29 −4.08 2.82 2.66 9.11
1080–1100  0.49 0.62 0.45 −23.36 4.07 5.18 2.43 0.66 19.39
1080–1120  0.50 0.66 1.16 −29.49 0.63 3.13 1.04 0.79 7.67
1100–1120  0.57 0.84 −0.24 NF 0.15 1.26 0.33 4.03 2.35
Table 8
Feasible and non-feasible (NF) ık,j,i values.
Alternative
temperature pair (◦C)
Property
kp −d31 (pC/N) tan ı (%) (100 kHz) Tc (◦C) 2Pr (C/cm2) 2Ec (kV/cm) SE11 10-2 m2 N-1) SE12 0-2 m2 N-1)  (gm/cm3)
1060–1080 NF NF NF NF −0.28 NF NF NF NF
1060–1100  NF NF NF −12.35 NF −1.52 −1.42 NF −61.15
1060–1120  NF NF NF −17.26 NF −4.08 NF NF NF
NF 
NF 
NF 
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A1080–1100  NF NF NF −23.36 
1080–1120  NF NF NF −29.49 
1100–1120  NF NF −0.24 NF 
ere). Table 6 details the priority vectors for alternative tempera-
ures with respect to all properties. The overall priority vectors are
alculated after summation of all the priority vectors (with respect
o all the properties) and respective weights. The rank order is
btained as 1080 ◦C > 1060 ◦C > 110 ◦C > 1120 ◦C. In order to conﬁrm
hese ranks, we have also performed rank indices using the VIKOR
ethod. The ranks obtained for the VIKOR method are also shown
n Table 6. The exact match in the ranking of all the temperatures
emonstrates the consistency of our results.
Finally, in order to check the stability of our results a sensitivity
nalysis of the AHP ranking is undertaken. As explained in Section
.3, we have calculated the minimum values of change associ-
ted with the weights and sensitivity coefﬁcient which can alter
he existing ranking of the processing temperatures. All values for
k,j,i are shown in Table 7. Among the possible values of ık,j,i the
alues which are above the priority vectors/weights (obtained by
DL) are termed as non-feasible values (Eq. (10)) and are shown
f
t
a
n
able 9
ll possible ı′
k,j,i
values with non-feasible (NF) values.
Alternative
temperature pair (◦C)
Property
kp −d31 (pC/N) tan ı (%) (100 kHz) Tc (◦C) 2P
1060–1080 NF NF NF NF 23
1060–1100  NF NF NF 10,466.10 NF
1060–1120  NF NF NF 14,627.11 NF
1080–1100  NF NF NF 19,796.61 NF
1080–1120  NF NF NF 24,991.52 NF
1100–1120  NF NF 172.66 NF NFNF NF NF NF
NF NF NF NF
NF NF NF NF
n Table 8. Table 9 accommodates the relative percentage (ı′
k,j,i
)
sing (Eqs. (4), (7) and (8)). It is clear from Table 9 that at least
72% alteration in weight associated with tan ı can interchange
he ranking of 1100 ◦C and 1120 ◦C, which is difﬁcult to achieve.
his ﬂuctuation or criticality degree (D′
k
) is even higher in case
f other properties. Thus, it is clear that small ﬂuctuations due
o experimental or device errors (which are usually noticed while
epeating the experiments even with the same equipments) will
ot affect the ranking of the system. This again supports the robust-
ess of the analysis undertaken via MDL  weighted AHP and VIKOR
ethods. The sensitivity coefﬁcients calculated using Eq. (6) for
he remaining properties are presented in Table 10; which are the
eciprocal of modulus of smallest values of ı′
k,j,i
(Eqs. (5) and (6))or each property under study. The decreasing order of sensitivity is
an ı > 2Pr > SE11 > 2Ec > Tc > . Mathematically, kp, d31 and S
E
12
re found to be the properties with zero sensitivity as there does
ot exist any feasible value for ı′
k,j,i
. It interprets that these are the
r (C/cm2) 2Ec (kV/cm) SE11 10
-2 m2 N-1) SE12 0
-2 m2 N-1)  (gm/cm3)
7.288 NF NF NF NF
 2714.28 1136 NF 73,674.69
 7285.71 NF NF NF
 NF NF NF NF
 NF NF NF NF
 NF NF NF NF
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Table 10
Values of D′
k
and sens Ck .
Property
kp −d31 (pC/N) tan ı (%) (100 kHz) Tc (◦C) 2Pr (C/cm2) 2Ec (kV/cm) SE11 10-2 m2 N-1) SE12 0-2 m2 N-1)  (gm/cm3)
7.288 
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Sens  Ck 00.00 00.00 0.005 0.00009 0.0
ost robust properties among all the properties under study. Apart
rom these, another important consideration is to have uncorre-
ated attributes/properties. However, correlated properties have
o inﬂuence on ﬁnal ranking as reported by Kwak and Choi [61].
o recapitulate it all, we suggest that such studies can be helpful
n deciding the processing parameters of the materials for speciﬁc
pplications. This work is among the ﬁrst attempts toward selection
f optimal processing parameter of piezoelectric materials.
. Conclusions
In this work, MADM approach is employed for selection of
est sintering temperature for KNN ceramics for electromechan-
cal applications. 1080 ◦C and 1120 ◦C are found to be the most and
east suitable sintering temperatures toward optimal properties for
lectromechanical applications, respectively. The physical prop-
rties for present study are weighted in the order d31 > tan ı >
E
11 = SE12 > Tc = Pr >  > kp > Ec . Further sensitivity analysis is
erformed and tan ı is found to be the most sensitive property to
nterchange the ranking of 1100 and 1120 ◦C. A change of 172% in
ts current priority vector can interchange the ranking of 1100 ◦C
ith 1120 ◦C. Sensitivity order for rest of the properties is tan ı >
Pr > SE11 > 2Ec > Tc > . Interestingly, the highest weightage is
ssigned to d31 and tan ı is found to be the most sensitive vector. In
uture, we are planning to work on similar studies for optimization
f other processing parameters and simultaneous optimization of
ore than one parameter for different applications. This study can
urther be extended by including constraints of secondary material
arameters.
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